Background: As there is a high prevalence of patients with cam deformities and no ongoing hip dysfunction, understanding the biomechanical factors predicting the onset of symptoms and degenerative changes is critical. One such variable is how the spinopelvic parameters may influence hip and pelvic sagittal mobility.
may not fully explain a patient's symptoms and limited ROM.
Symptoms have also been attributed to other anatomic femoral and acetabular characteristics, 7, 27, 43, 51 which can position the cam lesion closer to the anterosuperior chondrolabral junction. 46, 57 However, the hip joints are centered on the bicoxofemoral axis, which suggests that functional sagittal movements require a combination of both hip and pelvic ROMs. Established from the bicoxofemoral axis, pelvic incidence is a fixed angle (composed of the complementary sagittal pelvic tilt and sacral slope angles) 35 and is considered as a primary axis of sagittal balance 34 and an indicator of acetabular retroversion. 60 Spinopelvic orientation may further provide fundamental understanding of postural balance, pelvic alignment, and sagittal mobility. 10, 34, 56 In recent cadaveric anatomic studies, a cam deformity was associated with indications of a decreased pelvic incidence, 20, 41, 61 but similar studies have also suggested that a larger pelvic incidence was associated with degenerative hip osteoarthritis. 21 Therefore, it is still unclear which of these anatomic combinations are associated with symptoms of cam FAI and, more importantly, how they can influence functional ROM.
Recently it was observed that symptomatic patients with cam FAI had larger alpha angles, smaller femoral neck-shaft angles, and decreased pelvic ROM 43, 44 as well as larger pelvic incidence angles. 22 We postulated that a higher pelvic incidence may predict sagittal hip and pelvic motions during walking and squatting. The purpose of this study was to examine the differences in anatomic and functional parameters between symptomatic, asymptomatic, and control patients and determine how the associated anatomic characteristics influence functional hip and pelvic ROMs during walking and squatting.
METHODS
This descriptive laboratory study, involving cross-sectional observations, compared 3 participant groups (symptomatic, asymptomatic, control) in which the diagnostic criteria examined the association between anatomic variables and their resultant functional walking and squatting motions. The study protocol was approved by the university and hospital research ethics boards. Participants provided informed consent, and investigations were conducted ethically in conformity with research principles.
Participants
Sixty-four participants were initially recruited during a 2-year recruitment process. Participants who presented themselves to the senior orthopaedic surgeon (P.E.B.) with unilateral hip pain, clinical impingement signs, and a cam deformity (axial 3:00 or radial 1:30 alpha angle .50.5°or 60°, respectively, on computed tomography [CT]) 47, 50 were classified as symptomatic patients and were scheduled for surgery. Each participant underwent diagnostic CT (Aquilion [Toshiba Medical Systems] or Discovery CT750 [GE Healthcare]) to confirm if he or she had a cam deformity. Physical examinations and impingement tests (ie, FADIR, FABER, difficulty with deep flexion or squat) were performed to confirm patient symptoms; however, when it was not clear if pain was caused by FAI, an intra-articular injection was also administered during the consultation, and the physical examination was repeated to ascertain that the pain was from the hip. The remaining participants were recruited as volunteers with no known clinical signs or symptoms and were unaware if they had a cam deformity (until after the completion of the study). These volunteers also underwent CT, and participants who had a cam deformity on CT but did not show clinical signs or symptoms were classified as asymptomatic, whereas those who had no deformity and no symptoms were classified as control. Participants were excluded from this study if they had a body mass index (BMI) higher than 30 kg/m 2 or any other hip or spine deformity (eg, pincer, dysplasia, slipped capital femoral epiphysis, scoliosis, kyphosis, lordosis, spondylolisthesis, degenerative disc disease), musculoskeletal abnormality, major lower limb and spinal injuries, or surgery. As a result, 5 participants were excluded for a high BMI (with one indicating excessive lordosis), 1 participant was excluded for previous knee surgery, and 1 participant was excluded for low back pain (due to degenerative disc disease).
Therefore, a total of 57 participants were included in this study, with participants classified into each of the symptomatic (n = 19), asymptomatic (n = 19), and control (n = 19) groups. For each symptomatic, asymptomatic, or control participant, the affected side (for comparison) was defined by the hip with symptoms, larger alpha angle, or smaller alpha angle, respectively.
Anatomic Measurements
Knowing that the patients with symptomatic cam FAI not only showed larger alpha angles but also had smaller femoral neck-shaft angles 43, 44, 46 and larger pelvic incidence angles, 22 it would be feasible to include these parameters directly into the hierarchical regression analysis. However, to eliminate preselection bias of the parameters, multiple anatomic hip and pelvic features commonly associated with symptoms of cam FAI (Table 1 and Figure  1 ) 7, 27, 43, 44, 47, 50, 51 were measured from each participant's imaging data (Onis 2.4; DigitalCore). All anatomic femoral and acetabular parameters were measured according to a previous measurement protocol 43, 44 and considered in the selection process. In addition, spinopelvic parameters (ie, pelvic tilt, sacral slope, pelvic incidence) were measured to characterize pelvic orientation. 10, 34, 35 First, the left and right hip joint centers were identified in the frontal and sagittal planes, and a line was traced to join the 2 centers and establish the bicoxofemoral axis. The midpoint of this axis was identified in the imaging planes. Second, the center of the superior sacral endplate was identified, and a line was traced to join the center of the sacral endplate to the midpoint of the bicoxofemoral axis. Pelvic tilt was defined as the angle between the vertical line from the bicoxofemoral axis midpoint and the line joining the bicoxofemoral axis and the sacral endplate. Sacral slope was defined as the sacral endplate angle below the horizontal. Pelvic incidence was defined as the angle between the line perpendicular to the sacral endplate and the line from the bicoxofemoral axis midpoint to the center of the sacral endplate (Figure 2 ). Alternatively, pelvic incidence was confirmed by the summation of pelvic tilt and sacral slope (pelvic incidence = pelvic tilt 1 sacral slope).
The CT data were blinded, and the anatomic parameters were measured by 2 observers, with 1 observer performing a second set of readings 2 weeks after the first. The overall intraobserver and interobserver reliabilities were acceptable, as deemed by the intraclass correlation coefficient (ICC intraobserver . 0.91; ICC interobserver . 0.85).
Walk and Squat Motion Analysis
In the motion capture laboratory, retroreflective markers were attached to each participant's anatomic landmarks, 39 and 3-dimensional walking and squatting kinematics were captured using 10 infrared motion capture cameras (MX-13; Vicon). Each participant first posed in a static neutral position (ie, standing upright, facing anteriorly, feet shoulder-width apart) in which the marker set reconstructed a rigid-body musculoskeletal reference model. Each participant then performed level walking and maximal squatting trials at self-selected paces in which the squat motion was performed with both feet pointed anteriorly, shoulder-width apart, and with their arms held straight and directed anteriorly. The functional parameters for both activities included hip ROM (affected hip's peak sagittal flexion to peak sagittal extension, relative to each participant's neutral position) and pelvic ROM (maximum sagittal range from peak anterior tilt to peak posterior tilt in a global coordinate system) during the heel strike to toe-off phases of walking and during the descent, squat depth, and ascent phases of squatting ( Figure 3 ). The trajectories were filtered (Woltring mean squared error = 15 mm 2 ) and processed using motion analysis software (Nexus 1.8; Vicon), and the peak values from 5 walking and squatting trials were averaged for each participant.
Statistical Analysis
One-way analysis of variance was used to describe each group's anatomic or functional differences (95% CI), with any significance further examined with Bonferroni correction. A stepwise discriminant function analysis then confirmed which of the anatomic parameters were best to classify each participant with his or her respective group. Based on the significant anatomic classifiers from the discriminant function analysis (ie, independent variables), a hierarchical linear regression examined how the combination of parameters could influence each of the functional walking and squatting ROM parameters (ie, dependent variables) without needing to consider group classification. Analyses were performed in statistics software (SPSS Statistics Version 24; IBM).
RESULTS
Both the symptomatic and asymptomatic groups had larger cam deformity parameters than the control group (P \ .01) ( Table 2 ). The symptomatic group also had smaller femoral neck-shaft angles (124°6 3°) and larger pelvic incidence angles (58°6 11°) compared with the asymptomatic (128°6 3°[P \ .001] and 50°6 10°[P = .086], respectively) and control groups (127°6 2°[P \ .001] and 47°6 7°[P = .008], respectively). During walking, the symptomatic group experienced reduced hip ROM (45°6 5°) compared with the asymptomatic (49°6 6°) and control groups (51°6 4°) (P = .032) but showed no difference in pelvic ROM. During squatting, the symptomatic group showed substantially reduced hip and pelvic ROMs (98°6 18°and 11°6 4°, respectively) compared with the asymptomatic (107°6 11°and 15°6 7°, respectively) and control groups (109°6 11°and 15°6 7°, respectively).
The discriminant function analysis confirmed that the significant classification parameters were radial 1:30 alpha angle (l 1 = 0.386, P \ .001), femoral neck-shaft angle (l 2 = 0.262, P \ .001), and pelvic incidence (l 3 = 0.213, P \ .001) (Figure 4 ). Using the significant discriminants to predict each functional ROM parameter, radial 1:30 alpha angle was entered in a hierarchical regression analysis as the first predictive variable (stage 1), followed by femoral neck-shaft angle (stage 2) and pelvic incidence (stage 3). For all functional parameters, stages 1 and 2 did not significantly contribute to the regression models (Table 3) . For walking hip ROM, adding pelvic incidence into the regression model accounted for 20% of the variance (F 3,57 = 3.75, P = .01). An association was evident in which a higher pelvic incidence decreased hip ROM during walking (r = -0.402, P = .004) ( Figure 5 ). For squatting hip ROM, adding pelvic incidence into the regression model accounted for 14% of the variance (F 3,57 = 2.21, P = .04). Although the symptomatic participants indicated a trend Hip range of motion (ROM) was the sum of the peak flexion and extension angles, while pelvic ROM was the sum of the peak anterior and posterior tilts. During the squatting cycle, ROM was measured using the same method. 
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The American Journal of Sports Medicine of reduced squatting hip and pelvic ROMs ( Figure 5 ), there were no significant regressions with the anatomic parameters. The symptomatic participants demonstrated low squatting hip and pelvic ROMs, while many asymptomatic and control participants either demonstrated high hip ROM with low pelvic ROM or low hip ROM with high pelvic ROM ( Figure 5 ). Multicollinearity and singularity assumptions were met, as the anatomic parameters in the regression models were not combinations of or correlated with other independent variables. Figure 6 summarizes the analysis process from the selection of the anatomic parameters to the association with each functional ROM parameter.
DISCUSSION
The most important finding was that pelvic incidence was a significant parameter to classify the participants and predict functional ROM. Although the presence of a cam deformity elevates the risk of labral tears and progressive hip joint degeneration, 1 better delineating additional anatomic characteristics may lead to further exploration of nonsurgical management and improve the understanding of those who are more prone to athletic chondrolabral injuries. When early clinical diagnosis can be accurately provided, athletes can benefit from a rehabilitation strategy composed of training modifications to protect their hips. 13 Previous biomechanical studies have shown that a bony femoral cam deformity limits functional ROM, diverting much of the attention away from additional anatomic femoral, acetabular, and spinopelvic parameters. To our knowledge, no study has examined anatomic femoral, acetabular, and spinopelvic parameters to predict hip and pelvic ROMs. In this study, our symptomatic group demonstrated constrained hip ROM (during walking and squatting) and pelvic ROM (during squatting), which aligned well with previous studies that characterized differences between patients with and without FAI. 5, 12, 14, 29, 32, 33, 54 Our differences in anatomic measurements were also similar to previous studies in the literature, which examined clinically detectable differences to characterize symptoms of FAI. 7, 8, 16, 24, 43, 51 Each participant's femoral torsion, acetabular version, and acetabular coverage parameters were within normal range. 16, 27 From the stepwise discriminant function analysis, the significant classifiers were radial 1:30 alpha angle, femoral neck-shaft angle, and pelvic incidence. Similar to a previous classification study, 43 radial 1:30 alpha angle was included as the first discriminant to separate the cam deformity groups from the control group, and femoral neck-shaft angle was subsequently included to distinguish the symptomatic from the asymptomatic patients. Interestingly, pelvic incidence was included as the next significant discriminant, as there was a noticeable difference among the 3 participant groups. Although the 3 parameters coincided with recent findings and the literature (radial 1:30 alpha angle, femoral neck-shaft angle, Figure 5 . Relationship between pelvic incidence and walking hip range of motion (ROM) (left), squatting hip ROM (top right), and squatting pelvic ROM (bottom right), indicating the symptomatic (blue/diamond), asymptomatic (red/square), and control participants (green/circle). Dashed lines denote mean pelvic incidence and ROM values for each group, with the larger markers centered at the intersections.
pelvic incidence), we ran a discriminant function analysis to eliminate selection bias of the anatomic parameters for the regressions.
In addition to the cam deformity, our symptomatic group showed smaller femoral neck-shaft angles compared with the asymptomatic and control groups, which coincided with previous reports that varus necks may lead to induced impingement, 43, 46, 57, 58 elevated stresses, 46,55 and pain. 6, 8, 51 The symptomatic group also showed the largest pelvic incidence angles, with the asymptomatic group's pelvic incidence slightly larger than the controls. This contradicted a few recent cadaveric and imaging studies that associated cam deformities with a small pelvic incidence. 20, 41, 61 Morris and colleagues 41 examined 100 cadaveric hips with a low pelvic incidence, selected from a larger cohort (3000 hips), in which 47 of the selected hips had a cam deformity. However, in a similar cadaveric study, Gebhart and colleagues 21 suggested that a larger pelvic incidence would lead to hip osteoarthritis. It should be noted that these cadaveric studies examined specimens that were collected from the early-to-mid 1900s and required pelvic reassembly at the pubic symphysis and sacroiliac joints. Furthermore, the aforementioned cadaveric and imaging studies did not report BMI for their cohorts, which is a parameter that plays a predominant role in sacral ossification and pelvic incidence. 11, 56 There was no evidence to suggest that the cadaveric hips were deemed clinically symptomatic (ie, impingement and/or pain). As it was important to note that BMI may influence functional ROM, our study controlled for BMI (\30 kg/m 2 ), and more importantly, the novelty of our study was the inclusion of clinically symptomatic and asymptomatic patients to examine the differences in pathoanatomy and functional ROM.
From the hierarchical linear regression, radial 1:30 alpha angle and femoral neck-shaft angle were included to examine their effects on functional ROM, but they were unable to contribute significant regressions. This reiterates that a cam deformity alone may not indicate early clinical signs or decreased ROM. Although the femoral neck-shaft angle was a significant parameter associated with symptoms in our cohort, it should be further examined if it could predict frontal-plane kinematics and kinetics. When pelvic incidence was included in the regression models, there were significant regressions to predict ROM. The hierarchical regression models were arranged in such a manner as to determine if these associated anatomic parameters could predict functional outcomes. In Figure 6 . Summary of the analysis process from the selection of the anatomic parameters to the association with each functional range of motion (ROM) parameter. The discriminant function analysis determined that radial 1:30 alpha angle, femoral neck-shaft angle, and pelvic incidence were the best parameters to classify the participants and provided standardized canonical functions (functions 1 and 2). Using these 3 parameters in the hierarchical linear regression, there were significant regressions when pelvic incidence was included in the models for hip ROM during walking and squatting (*P \ .05).
clinical practice, the cam deformity is important to define the patients at risk of impingement, while neck angles may further elucidate those who are at risk of early symptoms, and pelvic incidence may identify those who may experience constrained sagittal mobility. Although pelvic incidence may be a symmetrical parameter that affects bilateral hips with cam deformities, the hip that may experience early symptoms perhaps can be indicated by which side has a smaller femoral neck-shaft angle. 44 Recently, Riviere and colleagues 52 proposed a spine-hip relationship to justify how patients with a lower pelvic incidence tend to be ''hip users,'' while patients with a higher pelvic incidence tend to be ''spine users.'' Furthermore, they provided the spine-hip relationship classification method to justify that pelvic retroversion protects the cam hip from impingement during higher amplitudes of hip flexion, which may be a compensatory mechanism to restore sagittal balance. 56 Although pelvic incidence contributed to significant regressions for our cohort's functional ROM, there was a large level of variance that perhaps could not have been attributed to anatomic parameters. Although none of the participants reported pain during walking or squatting, there was a possibility that symptomatic participants demonstrated apprehension due to pain as a protective mechanism. The cam deformity was unlikely to impinge during walking, but symptomatic patients showed lower hip ROM during the terminal stance of gait (ie, limited hip extension). From the perspective of the lumbopelvic hip complex, a superiorly positioned lesser trochanter can shorten the iliopsoas.
6,15 Domb and colleagues 15 reported cases of smaller femoral neck-shaft angles and iliopsoas impingement leading to labral damage in which a tighter psoas tendon would further induce adverse stresses to the anterior capsule and labrum during hip extension. 2, 37 Moreover, the effect of a larger pelvic tilt and sacral slope positions the bicoxofemoral axis (hip joint centers) more anteriorly and further away from the sacral endplate, resulting in a tighter iliopsoas around the pectineal eminence (Figure 7 ). During squatting, our symptomatic participants demonstrated both limited hip and pelvic mobility, not favoring one over the other to accomplish a deeper squat, whereas many asymptomatic and control participants favored either using hip or pelvic ROM to squat (ie, large hip ROM but small pelvic ROM, or small hip ROM and large pelvic ROM). Unlike level walking, the squat motion was a closed kinematic and kinetic chain task that involved multiple joints (ie, ankles, knees, hip, lumbar) and muscles (ie, flexors and extensors); thus, the functional parameters were not easily justified by isolating hip or pelvic ROM. The large gluteus maximus muscle functions as the primary hip extensor and antagonist to the iliopsoas. With the gluteus maximus' origin at the sacrum, a larger sacral slope angle (resulting in a higher pelvic incidence) positions the muscle's insertion more posterosuperior and alters its line of action to the iliotibial tract ( Figure 8) . Furthermore, the retroverted pelvis would shorten the iliopsoas and reduce its sagittal lever arm. 9, 48 The symptomatic participants did not necessarily retrovert their pelves to increase hip ROM, and it was more evident that the cam deformity may have engaged during squatting, altering the squat mechanics in an effort to protect from impingement and pain.
This study highlights that more emphasis should be placed on proper patient selection. Athletes who experience early anterior hip and groin stiffness or pain, even during walking, may have a cam deformity and high pelvic incidence. Proper patient selection would be important to identify the most suitable candidates who would benefit from nonsurgical management and strength conditioning to delay or avoid unnecessary hip preservation surgery. 23 In some circumstances, patients likely do not benefit postoperatively or, worse, may experience iatrogenic instability, 36, 62 while on the other hand, identifying the most suitable candidates who can benefit from hip preservation surgery, in turn, would improve functional outcomes and patient satisfaction. There are several strong initiatives to investigate the feasibility to pursue the best conservative care as opposed to surgical intervention. 3, 30, 49, 59 Having said that, nonsurgical management of hip pain varies quite significantly. On the basis of this work, symptomatic patients with no labral tear or cartilage degeneration should extend their nonsurgical treatment, focusing more on core stability and muscle strengthening (psoas, flexors, gluteal muscles) to alter sagittal-plane moment arms and see if symptoms cease. Similarly, asymptomatic patients with a higher pelvic incidence may also start benefiting from early targeted muscle strengthening.
There are a few limitations to note. First, although the sample size was adequate for statistical comparisons, increasing the number of participants would result in a higher predictive power for the regression analyses. Also, our cohort consisted of predominantly younger athletic male patients, as a cam deformity is more prevalent in this demographic group. 18, 26 Future studies comparing sex, associating anatomic parameters, and activities of daily living should be further examined. Second, although pelvic incidence is a position-independent parameter, the participants were imaged in a supine position. Pelvic CT was performed, from the superior iliac crest (which included the L4/L5 of the lumbar spine) to the lesser trochanter, as well as knee CT imaging. Future studies should consider the participant's natural pelvic tilt and sacral slope, under load-bearing conditions, to examine the effect of the iliopsoas on the anterior hip capsule. A larger imaging range would include the full lumbar spine to determine the spine flexion angle (between L1 and S1) and characterize hip flexion during standing and squatting. 17 Third, the 2 activities were selected as they were commonly examined in previous FAI studies in which larger sagittal motions were observed during walking 12, 14, 29, 31, 46, 54 and squatting, 5, [31] [32] [33] 42, 43 which also put the hip in more impinging positions. However, there are other activities of daily living (eg, stairs and ramp ascent/descent) that could identify other anatomic parameters that limit functional mobility. 25, 53 Fourth, a comprehensive study of muscles was not performed. The pathoanatomic combinations that limited pelvic mobility may be further justified by the musculature. Previous anatomy studies have examined the associations between the musculature and pelvic tilt 2, 4, 38 ; however, there were no findings or associations for pelvic incidence and functional ROM. In an early review on athletic hip and groin injuries, Anderson and colleagues 3 noted that athletic conditioning programs should focus on strengthening the abdominal musculature for pelvic balance in addition to stabilizing the lower extremities. Impaired hip flexors may also affect functional tasks and gait patterns in which muscle strengthening and preservation have been long encouraged to protect against labral tears and symptoms of FAI. 6, 15, 40 The next step of this ongoing research will be to implement musculoskeletal modeling and simulations to examine the effects of functional kinematics and kinetics on hip contact forces and stresses. 45 Current surgical intervention should continue to focus on cam resection to delay the progression of degeneration and preserve the native hip joint. However, there are implications of how structural anatomy can affect the musculature, joint loading, and stability, which should be closely examined in an effort to improve the understanding on nonsurgical management. A cam deformity alone may not indicate early clinical signs or decreased ROM in which symptomatic patients with a higher pelvic incidence may experience limited sagittal hip mobility.
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